The fungal diterpene, aphidicolin, is a well-known specific inhibitor of DNA polymerase . Terpenoids are an important class of natural products. However, identification of the biosynthetic gene cluster in terpenoids is relatively rare compared with another important class of natural products, polyketides. To explore a reliable identification method for the biosynthetic gene cluster in fungal diterpenoids, cloning of the biosynthetic gene cluster of aphidicolin was employed. The application of a simple PCR method for genome walking based on the sequence of cDNA encoding aphidicolan-16-ol synthase (ACS) allowed us to analyze a 15.6-kb region of the Phoma betae genomic DNA. Six ORFs, PbGGS, ACS, PbP450-1, PbP450-2, PbTP, and PbTF were found in this region, and respectively expected to encode geranylgeranyl diphosphate synthase, diterpene synthase, two cytochrome P-450s, the transporter and transcription factor. Their amino acid sequences and introns were deduced by a corresponding cDNA analysis. This study shows that simple PCR-based genome walking without constructing a genomic DNA library is useful for identification of a small gene cluster. We propose a general strategy for the cloning the biosynthetic genes of fungal diterpenoids by using fungal GGS.
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Key words: aphidicolin; diterpene; biosynthesis; gene cluster; Phoma betae Aphidicolin (1) is a fungal metabolite that has been isolated from Cephalosporium aphidicola as an antiviral agent against Herpes simplex type 1. 1) This compound is a well-known specific inhibitor of DNA polymerase 2) which plays a major role in DNA replication. Because of the reversible nature of this inhibition, 1 has been successfully used to synchronize eukaryotic cells at the G1/S phase boundary.
3) Besides its remarkable bioactivity, its unique molecular skeleton has attracted synthetic chemists. This has prompted numerous synthetic studies, and to date, more than ten groups have achieved the total synthesis of 1.
4) Compared with other syntheses requiring lengthy steps, its biosynthetic pathway is relatively simple as shown in Scheme 1. 5) In this biosynthesis, the universal diterpene precursor, geranylgeranyl diphosphate (GGDP), is converted to aphidicolan-16-ol (2) 6) by a diterpene synthase, and subsequent sequential hydroxylation, then provides 1. If a general method can be found to identify all the genes encoding biosynthetic enzymes, enzymatic synthesis would be an attractive method to provide structurally complex diterpenoids.
We have recently succeeded in cloning the cDNA encoding aphidicolan-16-ol synthase (ACS), which a key enzyme in aphidicolin biosynthesis, from the pathogenic fungus, Phoma betae. 7) ACS was overexpressed in Escherichia coli and we examined its ability to convert GGDP and the anticipated bicyclic intermediate, syn-copalyl diphosphate 8) (syn-CDP), to 2. 7) In addition, we extensively studied the cyclization mechanism of ACS by using ab initio density functional calculations and non-enzymatic reactions with bicyclic and tetracyclic diterpenes. 9) Terpenoids are an important class of natural product in view of their useful bioactivity. However, identification of the biosynthetic gene cluster in terpenoids is relatively rare compared with another important class of natural products, polyketides. We regard the biosynthetic pathway of 1 as a suitable model for studying an identification method for the biosynthetic gene cluster in fungal diterpenoids. We y To whom correspondence should be addressed. Fax: +81-11-706-2622; E-mail: hoik@sci.hokudai.ac.jp Abbreviations: ACS, aphidicolan-16-ol synthase; GGS, geranylgeranyl diphosphate synthase; RACE, rapid amplification of cDNA ends; ORF, open reading frame describe here a simple PCR method to identify the biosynthetic gene cluster of 1 without constructing a genomic DNA library, and propose a general strategy for cloning the biosynthetic genes of fungal diterpenoids.
Materials and Methods
Microorganism strains and growth conditions. Phoma betae Frank PS-16 was used as a source of genomic DNA and mRNA. Escherichia coli strain XL1-Blue 10) and transformants of this host were grown on LB agar plates with 100 g ml À1 ampicillin. The plasmids used for cloning included the pCRII vector (Invitrogen).
Cloning of the gene cluster for aphidicolin biosynthesis. Genomic DNA of P. betae was prepared with the slightly modified protocol described. 11) A Genome Walker library (Clontech, Palo Alto, CA, USA) was constructed with genomic DNA according to the manufacturer's protocol. The upstream region of ACS in the genomic DNA was amplified from the adaptorligated P. betae GenomeWalker library by primer walking. Initial PCR was performed in a 25-l reaction volume by using LA-Taq (Takara) with 2.5 mM MgCl 2 , 0.2 mM dNTP, 1 M of each primer, 1 unit of LA-Taq and 1 l of the Genome Walker library solution with the following program: denaturation at 98 C for 5 min, annealing and extension at 60-70 C for 3 min (35 cycles), and final extension at 72 C for 5 min. The second PCR was performed in a 50-l reaction volume under the same conditions, except for using 1 l of the primary PCR products as a template.
The series of PCRs was started with the adapter primers, AP1 and AP2, and with two nested genespecific primers designed on the basis of the ACS sequence for UP1a (5 0 -CCAACAGGGAATGTAGCG-CAGAGGTTGCG-3 0 ) and UP1b (5 0 -GTCCAGCGA TCGTGTTCAGAACTCCGTCG-3 0 ). Chromosomal walking was continued with the following primers upstream:
. The downstream region of ACS in the genomic DNA were analyzed in a similar way with the following primers:
. The 2.4-kb fragment amplified with primers 5 0 -CGACGGAGT-TCTGAACACGATCGCTGGAC-3 0 and 5 0 -CCACGA-GCCGATGTCGTTGTACATGCGAC-3 0 was sequenced to deduce the sequence of genomic DNA corresponding to cDNA encoding ACS. The sequences obtained were confirmed by a comparison of independent PCR experiments with the different primers and genomic DNA. RNA extraction and rapid amplification of the cDNA ends (RACE). Mycelia for RNA extraction were incubated on a 2% glucose-potato medium for 16 days at 25 C in the dark. RNA was extracted from the frozen mycelia by the SDS-phenol method.
12) Double-stranded cDNA was synthesized from 1 g of poly(A) þ RNA by reverse transcription with Superscript II (Invitrogen) and subsequent DNA polymerase I (Takara) and RNase H (Takara) treatments. To determine the full-length cDNA sequences of PbGGS, PbP450-1, PbP450-2, PbTF and PbTP, 5 0 -and 3 0 -RACE was by performed using each set of gene-specific primers according to the method described previously. 13) Gene-specific primers for the 5 0 -and 3 0 -ends of each gene were designed from the results of RACE and used for amplifying each fulllength cDNA by RT-PCR.
DNA sequencing and analysis of the sequences obtained. The PCR products from genome walking were purified and directly sequenced by the dideoxynucleotide chain termination method, 14) using a Big-Dye Terminator Cycle Sequencing FS Ready Kit (PE Applied Biosystems) on an ABI 310 capillary sequencer or PRISM-3700 (PE Applied Biosystems). Amplified full-length cDNAs were cloned and sequenced by the method already described. A DNA and protein sequence similarity search were performed by the BLAST server at the National Center for Biotechnology Information (Bethesda, MD, USA).
Nucleotide sequence accession numbers. The DNA sequence of the 15.6-kb fragment coding the gene cluster of aphidicolin biosynthesis has been deposited in DDBJ under accession no. AB114137. The following ORFs were also deposited in DDBJ: PbGGS mRNA (AB079897), PbP450-1 mRNA (AB079898), PbTP mRNA (AB079899), PbP450-2 mRNA (AB079900) and PbTF m RNA (AB081802).
Results and Discussion
Clustering of the biosynthetic genes responsible for secondary metabolites is a common feature of bacteria, 15) and similar observations have recently been accumulated in fungi. 16 ) Reports on such fungal terpenoids as T-2 toxin and gibberellin suggest that the terpenoid biosynthetic genes are clustered in the genome. 15, 17) These observations led us to speculate that the genes for aphidicolin biosynthesis would be clustered. Cloning and expression of the ACS gene allowed us to examine this possibility.
Genome walking is usually carried out with a cosmid library constructed with the target genomic DNA. According to the proposed biosynthetic pathway for 1 (Scheme 1) and other biosynthetic gene clusters of the fungal metabolites, 16) we expected that the number of genes required for aphidicolin biosynthesis would be about seven (for example, GGDP synthase, ACS, less than three hydroxylases, a transcription factor and a protein for resistance) and that the size of the gene cluster would be less than 20 kb. For this purpose, a simple PCR-based method could be applied for cloning the target genes. DNA templates were prepared from P. betae genomic DNA by treating four restriction enzymes (DraI, EcoRV, PvuII and StuI) and ligating the resulting DNA fragments with the adaptor provided by the manufacturer. To obtain sequence information on the upstream and downstream regions of the ACS, two specific primers in each direction were designed according to ACS sequence. Nested PCR (the first reaction with an outer adaptor primer and an outer specific primer; the second reaction with the inner set of primers) gave the 2.5-kb amplified fragment on the downstream primer set, but no fragment on the upstream primer set. The average size of the amplified fragments in this experiment was one to two kb. The location of the restriction enzyme sites in Fig. 1 indicates that there is no site between the 5 0 -end of the gene cluster and the first StuI site (5.3-kb), nor between the first and the second EcoRV sites (4.1-kb). Thus, the reason for the PCR failure with genome walking was obviously the lack of suitable size of the DNA templates. Using four other blunt-end restriction enzymes, additional DNA templates for genome walking were then prepared. Treatment with these enzymes afforded useful sites for genome walking (HincII, 592, 1522, 2165, 3629, 5742, 5936, 7081, 7778, 9969, 11179 and 15319; PmaCI, 2213 and 11077; ScaI, 5298, 12123, 12208, 14279 and 15597; SmaI, none). These new templates were used to obtain a 1.4-kb amplified fragment on the upstream primer set by PCR. New specific primers were designed, and several rounds of nested PCR provided sequence information of the 15.6-kb genomic DNA 18) (Fig. 1 ). This PCR-based genome walking would be useful for analyzing a small gene cluster without the need to construct a cosmid library.
Hydroxylation enzyme genes (heme-binding motifs)
As judged from the chemical structure of aphidicolin, it was speculated that several hydroxylases would be involved in the biosynthesis. The physical map of the aphidicolin gene cluster on the genomic DNA is shown in Fig. 1 . Downstream of ACS, the two putative cytochrome P-450 monooxygenase genes, PbP450-1 and PbP450-2, were found by a BLAST search ( Table 1 ). The coding regions of these two putative cytochrome P-450 genes were determined by the 5 0 and 3 0 -RACE method with the corresponding cDNA. The two ORFs consisted of 1458 and 1692 bp, both being interrupted by four and two short introns, respectively, having splice junction motifs typical of other fungal introns. PbP450-1 and PbP450-2 consisted of 486 and 564 amino acids, respectively, and contained the two sequences that are conserved in other P-450s. Both enzymes contained the characteristic O 2 -binding motif 19) and the region containing a cysteine residue 19) that coordinates the haem iron. PbP450-1 shows relatively high homology to a group of fungal cytochrome P-450s (40% identity to the trichothecene C-15 hydroxylase from Gibberella zae, 34% to the sterigmatocystin hydroxylase from Emericella nidulans, and 33% to the averantin oxido/reductase from Asperguillus parasitics). On the other hand, PbP450-2 reveals sequence identity to another group of fungal cytochrome P-450s (40% to the hydroxylase in gibberellin biosynthesis from Gibberella fujikuroi, 34% to the P-450 in paxillin biosynthesis from Penicillium paxilli, and 30% to the hydroxylase P450-2 from Gibberella fujikuroi). Both enzymes from P. betae show relatively low identity (14%) to each other. It is common in the fungal cytochrome P-450 that there is low similarity of P-450s among the same biosynthetic gene cluster and high homology to other P450s involved in the biosynthesis of other secondary metabolites. [20] [21] [22] This is interesting for the evolutional origin of these hydroxylase genes.
It has been reported that a single cytochrome P-450 was responsible for multiple oxidation in such other fungal metabolites as aflatoxin 23) and gibberellin. 24) In aphidicolin biosynthesis, three hydroxylation steps (C-3, C-17 and C-18) are required, but only two enzymes were identified in the 15.6-kb region. Currently, it is unknown whether a single cytochrome P-450 catalyzes the hydroxylation of two different positions or whether the third P-450 is located outside the 15.6-kb region.
Transcription factor and Transporter genes
Adjacent to PbP450-2, a BLAST search of the 15.6-kb DNA region found a gene (PbTF) with low but significant identity to the transcription factor in the fungal metabolite gene clusters (Table 1) . A sequence analysis of the corresponding cDNA shows that a 1275-bp ORF encoded a protein with 425 amino acids and was interrupted by two introns. This putative protein shows 26% identity to Aktr-1 from Alternaria alternata, and 24% to Aftr-1 from a different strain of Alternaria alternata. The similarity was highly localized in the Nterminal region of this protein. Proteins with a zinc binuclear cluster DNA-binding domain (CX 2 CX 6 CX 6 -CX 2 CX 6 C) are known to be typical regulatory factors in fungal mycotoxin biosynthetic genes such as aflatoxin and sterigmatocystin. 25) In the genome of the fungus, Neurospora crassa, a number of hypothetical transcriptional factors showing significant homology to PbTF can be found.
A BLAST database search revealed that a putative gene (PbTP) downstream of PbP450-1 was located in the opposite orientation of ACS and had strong homology to ATP-binding cassette (ABC) transporters (Table 1) . A sequence analysis of cDNA encoding PbTP confirmed that this ORF consisted of 1623 bp and was interrupted by three introns. PbTP encodes a protein of 541 amino acids. This gene showed high sequence similarity to the fungal transporter (52% to BcatrB from The Amino acid sequence alignment is shown of the zinc binuclear cluster domain of PbTF with those of AKTR-1 from Alternaria alternata and hypothetical protein from Neurospora crassa and AFLR from Emericella nidulans. Cys residues within the proposed zinc finger that are predicted to be functionally significant are indicated as white letters on a black backgroumd.
Botryotinia fuckeliana, 46% to aflatoxin efflux pump AFLT from Asperguillus paraciticus, and 36% to TOXA from Cochliobolus carbonum). TOXA possesses a hydrophobic region which has been proposed to span more than 13 times in the membrane. 26) To deduce the location of the transmembrane domains, the hydrophobicity of PbTP was examined by the SOSUI program. The result revealed that PbTP could have 13 transmembrane helices. BcatrB is responsible for protecting a fungus against fungicides, 27) and ABC transporters normally confer self-resistance to antibiotics in soil bacteria. 28) It is known that 1 inhibits eukariotic DNA replication and causes growth inhibition.
2) Phoma betae, a producer of 1, utilizes this protein for the secretion of 1 to protect the host cell.
Geranylgeranyl diphosphate synthase gene A BLAST database search identified the putative geranylgeranyl diphosphate synthase gene (PbGGS) in the upstream region of ACS (Table 1) . A sequence analysis of the cDNA of PbGGS showed that the 1032-bp ORF encoded a protein of 343 amino acid residues. The PbGGS coding region had no intron and transcribed in an opposite direction to that of ACS. Putative PbGGS revealed high amino acid identity to other fungal GGSs (69% identity to the one from Nigrospora sphaerica, 58% to paxG from Penicillium paxilli, and 55% to the one from Neurospora crassa) (Fig. 3) . PbGGS contained common prenyl transferase motifs and highly conserved regions 29) as shown in Fig. 3 . Fungal GGSs including PbGGS reveal significant homology to the ones from mammals 29) and yeast, 30) but low homology to the ones from bacteria and plants. 31) Since the former group utilizes farnesyl diphosphate (FDP) and the latter utilizes dimethylallyl diphosphate (DMAP) as a substrate, the homology data indicate that fungal GGS synthesized GGDP from FDP and isopentenyl diphosphate (IDP).
Plant terpene synthases show relatively high homology among monoterpene, sesquiterpene and diterpene synthases. 32) Thus, homology-based PCR is useful for cloning plant terpene synthases. On the other hand, it is known that fungal sesquiterpene and diterpene synthases show low homology. 33, 34) In a previous study, 7) we succeeded in cloning the diterpene synthase gene (ACS) with homology-based PCR by using degenerate primers based on plant terpene synthases. This allowed us to clone the biosynthetic gene cluster of 1 in the current work. This approach, however, could be limited for cloning the genes which encode diterpene synthases catalyzing cyclization via copalyl or syn-copalyl diphosphate, since the sequence similarity possibly reflects the cyclization mode of diterpene synthases. In fact, three fungal diterpene synthase genes, 7, 33, 34) including ACS, show relatively high homology (36-37%) and all of them catalyze product formation via a copalyl diphosphate-type intermediate. The occurrence of GGS on the gene clusters is a common feature in the biosynthesis of such terpenoids as carotenoids 35) and terpentecin 36) (bacteria), gibberellin 17) and paxilline 37) (fungi), although examples of terpene biosynthetic gene clusters are limited. Since GGDP is an essential precursor of carotenoids, prenylated quinones and geranylgeranylated proteins, 29) it is reasonable that two different types of GGS genes (GGS1 and GGS2 in G. fujikuroii 17) and GGS1 and paxG in Pen. paxilli 37) ) were found in these fungi which produce diterpenoids. Identification of PbGGS in the aphidicolin gene cluster further supports the diterpenoid biosynthetic gene cluster containing the GGS gene. This suggests that the diterpene gene cluster would be securely cloned by identification of more than two functionally distinct GGS genes and subsequent genome walking. To prove this hypothesis, we are currently working on the cloning of several gene clusters involving fungal diterpene biosynthesis. Fig. 3 . Sequence Comparison of the PbGGS Homologs with Those of GGDP Synthase from Nigrospora sphaerica, PAXG and GGS1 from P. paxilli, GGS1 and GGS2 from G. fujikuroi, CARG from Mucor circinelloides f. lusitanicus, and AL-3 from N. crassa. Consenus sequences for the highly conserved sequence domains (II and V) proposed for trans-prenyltransferase are shown in this figure. The common first aspartate-rich motif is underlined. The conserved amino acid residues which are characterstic of fungal GGS are indicated as white letters on a black backgroumd.
PbGGS MLHTASLLIDDIQDNSELRRGKPVAQ FQVVDDYKNLCSREYGKLKGFGEDLTEGKFSFPVIH

NsGGS MLHTASLLIDDIQDNSELRRGRPVAH FQVADDYKNLCSREYGDLKGVGEDLTEGKFSFPIIH
PnGGS1 MLHTASLLIDDVEDNSVLRRGVPVAH FQICDDYLNLSNTTYTHNKGLCEDLTEGKFSFPIIH
Al-3 MLHTASLLVDDVEDNSVLRRGFPVAH FQIADDYHNLWNREYTANKGMCEDLTEGKFSFPVIH
GfGGS1 MLHESSLLIDDVQDSSELRRGFPVAH FQIRDDYMNLSSKEYSHNKGMCEDLTEGKFSFPVIH
CARG MLHNASLMIDDVQDDSDLRRGVPVAH FQVRDDYMNLQSTSYTNNKGFCEDLTEGKFSFPIIH
PAXG LLHTASLLIDDIQDASRLRRGKPVAH FQIRDDYMNLQSGLYAEKKGLMEDLTEGKFSYPIIH
GfGGS2 MLHNSSLIIDDFQDNSPLRRGKPSTH FQIRDDYMNLIDNKYTDQKGFCEDLDEGKYSLTLIH
